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GENERAL INTRODUCTION 
A. Review 
Martensitic transformations have been studied extensively by metallurgists for 
about a century. Interest and research in this field have been substantially rekindled 
in recent years. This activity may be attributed to newly found industrial applications 
and the advancement of the physics in understanding the transformation processes 
and mechanism driving the low temperature structure. Also the classical A15 su­
perconducting compounds such as V-^Si and Nb^Sn, and the new high Tc ceramic 
superconductors are reported to underdo martensitic phase transformations. 
And, in addition, there is much interest in electronically driven phase changes such 
as the formation of incommensurate-to-commensurate charge density wave structures 
which show features of displacive atomic movements. 
The discovery and application of x-ray diffraction to steels was the first attack 
in experiments to reveal the fundamental nature of such transformations.["^1 Later 
electron diffraction and imaging has been widely used to probe the structure and 
microstructure of martensitic materials. The dynamic aspects of the transformation 
have been probed by use of ultrasonic techniques where martensitic transformations 
are frequently dominated by homogeneous lattice deformation. In recent years elastic 
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neutron diffraction and inelastic neutron scattering have been employed in studies of 
pretransformation phenomena. These are ideal techniques for studying premarten-
sitic behavior in metallic alloys. Thermal neutron scattering is a unique probe of 
solids since the typical thermal neutron wavelenth is comparable to the size of the 
interatomic spacings in a solid and typical neutron energies are comparable to the 
elementary excitations of vibrational modes. This makes the neutron the probe of 
choice in studying both the structure and dynamics of a solid.1^1 
Martensitic phase transformations involve the cooperative, rather than diffusive, 
displacement of atoms. The size of the displacements can be a large percentage 
of the lattice constant, and the resulting crystal symmetry is altered. Displacive 
transformations occur in a wide variety of materials and are further classified from 
second-order, weakly first order, to strongly first order.First-order transformations 
are discontinuous, and parent and product phases can coexist. When considering the 
complexity of the strongly first-order transformation, it is convenient to start by 
studying second order and weakly first-order transformations and then to proceed to 
more strongly first-order transformations.[*^1 
Ni-Al and NiTi are two well known alloys exhibiting martensitic phase transfor­
mations of weakly first order at low temperature. At high temperature, both alloys 
possess the CsCl-type structure or B2 structure with a simple cubic (SC) lattice. 
They are often called /3-phase alloys. As temperature is lowered, the j0-phase of NiTi 
alloys undergo a premartensitic phase transformation before the martensitic phase 
transformation.!^' X-ray and electron diffraction studies have revealed 
superlattice spots within the premartensitic phase. Neutron scattering measurements 
have found that the TA2 [110] phonon modes in the /^-phases are temperature de­
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pendent in both NiTi and NiAl alloys and exhibit anomalous behavior 
Experimental examinations of Ni-Al alloys in the range 50-70 at.% Ni using 
neutron, x-ray and electron scattering, transmission electron microscopy (TEM) 
as well as acoustic measurements have shown that the high temperature phase 
NixAli_y, (0.6 < X < 0.7) essentially prepares itself as it cools toward the marten­
sitic transformation.The entire S4 [110] transverse acoustic phonon 
branch is unusually low in frequency, and the phonon energies decrease further at cer­
tain wavevectors as T —> Ms although they do not go to zero. Here M3 is the marten­
sitic transformation temperature. Concurrently, there is an evolution of elastic strain-
diffuse streaking plus satellites along [110] direction at the same wavevector of the 
phonon anomaly. These effects indicate the existence of localized fine-scale displace­
ment patterns consisting of homogeneous shears plus shuffles that are remarkably 
similar to the displacements required to form the product 7R martensite.l^^' 
The microstructure of pretransformation is indicative of precursor microdomains for 
the martensitic phase transformation. It appears that the actual transformation may 
be viewed as a collapse or growth of local microdomains into macrodomains. 
The intermetallic compound NiTi is also known for its shape memory effect 
which is related to a reversible martensitic transformation near room temperature. 
The high temperature /5-phase NiTi has the CsCl (^2) structure, while the low 
temperature martensitic phase is thought to be monoclinic. As temperature is low­
ered, the martensitic transformation in the equiatomic NiTi alloy is preceded by a 
'premartensitic' or 'intermediate', R phase.X-ray, electron, and neutron scat­
tering indicate the development of superlattice peaks near Qq = (y, ^ ,0)27r/a in the 
R phase.Early inelastic-neutron-scattering results suggested an anomaly of 
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the low frequency acoustic phonon branch near this wave vector, and later results in­
dicated that a transverse phonon with wave vector Qq in the CsCl structure became 
soft continuously as the temperature was lowered. 
In this work, we studied the electron-phonon (e-ph) interaction and phonon 
anomalies which lead to the premartensitic phase transformation in /3-phase NiTi 
and the premartensitic anomalies in Ni-Al alloys. As the first step in the calculation, 
the electronic structures of ^-phase NiTi and NiAl alloys were calculated by the 
first-principles LCAO (Linear Combination of Atomic Orbitals) method. Then the 
first-principles band structures were fitted using a non-orthogonal Slater-Koster tight 
binding(TB) Hamiltonian which was used in the calculation of the electron-phonon(e-
ph) interaction. The contribution of the e-ph interaction to the phonon dynamical 
matrix was calculated by the method of Varma and Weber.It is found that the 
electron-phonon interaction leads to anomalous behavior in the low frequency TA2 
phonon branch along the q ~ [110] direction. The temperature dependence of the 
TA2 phonon anomaly was examined carefully and can be explained by the smearing 
of the Fermi surface. The calculated results are in good agreement with the neutron 
scattering measurements. The strong e-ph interaction together with nesting features 
of the Fermi surfaces is identified as the source of the phonon anomalies in /?-phase 
NiTi and Ni-Al alloys. 
B. Explanation of Dissertation Format 
Three papers about the study of the electron-phonon interaction and the phonon 
anomalies which are responsible for the premartensitic phase transformation in NiTi 
and the premartensitic phenomena in Ni-Al alloys have been included in the dis-
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sertatîon. The first chapter is an outline of the methods and formulas used in our 
study. The first paper titled "Electronic origin of the intermediate phase of NiTi", 
which is published as Phys. Rev. B 40,7999 (1989), is presented in Chapter 2. The 
second paper, titled "Phonon Anomalies in |9-Phase NiAl Alloys" has been published 
as Phys. Rev. B 45, 2818 (1992) and is given in Chapter 3. The third paper titled 
"Electron-Phonon Interactions and Phonon Anomalies in )9-Phase NiTi" concerns the 
study of phonon anomalies and their temperature dependence for the ^S-plmse NiTi 
alloy and is going to be submited to Phys. Rev. B for jJublication. It is presented in 
Chapter 4. Following the last paper are general conclusions. 
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CHAPTER 1. METHOD AND FORMULAS 
A. Total Energy and the Phonon Dynamical Matrix 
In this section, the development of the formulas for the calculation of the e-ph 
interaction using the method of Varma and Webert^^J is reviewed. The force constant 
matrices cf) and dynamical matrix D are the basis for the theory of lattice dynamics. 
The dynamical matrix is a Fourier transformation of the force constant matrix as 
£>(««, ^ (1.1) 
l - l '  
Here /,/' denote the unit cells and the sublattice atoms. The vectors i2(/, k) are 
the equilibrium positions of the ions. A diagonalization of the dynamic matrix D Avill 
give the phonon frequencies and the phonon wavefunctions. 
The force constant matrices can be calculated from the total energy of the system 
of electrons and ions, 
where uq;(Z, k) is the displacement of the ion away from their equilibrium positions. 
The Hamiltonian of a system with electrons and ions can be written as 
H = Te+ Tc  +  Vcc i{R})  +  Veedf} )  +  WM,  {•«})  (13)  
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Here T is the kinetic energy, and V is the potential energy; the subscript c refers to 
the ion cores and e to the valence electrons; {f} denotes the electronic coordinates 
and {A} the ion coordinates. Based on the adiabatic approximation and at T = OJlT, 
Bto t  =  Vcc{{R})  +  Ee({R})  (1.4) 
here Vcc is the total energy of the ions of the system; Be is the total energy of 
electrons which depends parametrically on the positions from the ionic configuration 
{«}• 
The total energy of electronic system can be expressed as, 
Be = ^l)s~ ^ ^ee > (1-5) 
in which 
< Vee  > = < > (1.6) 
here < ... > denotes the expectation value; < > is Hartree expression of electron-
electron interaction; < > is the electron exchange and corelation energy. is 
the 'band energy ' which is calculated from a self-consistent first principles method, 
and expressed by the following formula 
k f i  
Here is the energy of single electronic state calculated by the one-electron 
Schrodinger equation based on the density functional theory, as 
{Te + Vec + (1-8) 
where k  is within the first Brillouin zone and fi is the band index. In the calculation 
of the two body electron-electron interaction has been approximated by one 
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body local potentials. Therefore Ej^g includes the interaction energy twice and in 
Eq.( 1.5) the interaction energy Fee has been subtracted in order to give the total 
electronic energy. 
In Eq.( 1.6), < V^^{R} > is a short range function representing the exchange 
and corelation interaction of electrons. There are various approximation schemes for 
< >, the most popular among these is to express it as a local functional of the 
electron density p{r). The long range Coulomb interaction in Vcc among the ions is 
cancelled by the long range interaction of the electron-ion and electron-electron in 
< > because the condition of electric neutrality of the system. Introducing a 
new function as 
ro({^} )  =  Fcc({^})- < Vee({R})  >  (1.9) 
we can express the total energy of the crystal as 
Eto td^} )=m^})+%,({«}) (iw) 
From the above equation T'Q({A}) is only a short range interaction and the long range 
interaction is included in only. 
The phonon dynamical matrix D can be written as 
D = Dq+I)i+£)2 (1.11) 
Here D q is a short range contribution arising from the force constants WT'q({jR}); 
Di is a short range interaction arising from first order corrections to £/^^({jR}) due 
to second order displacements; and £>2 is a long range interaction arising from second 
order corrections to jB^^({JR}) due to first order displacements, based on the second 
order perturbation theory. 
9 
B. Derivation of the Expression for £>2 
The first two terms of (Dg + Di) m Eq.( 1.11) are the short range interactions 
among the ions, which will be depicted by a Born-von Kdrmdn force constant model; 
I?2 is the contribution from the e-ph interaction. In the following, the expression 
of the long range interaction of the phonon dynamical matrix D2 which comes from 
the electron-phonon interaction will be derived based on formulas used in the LCAO 
method. The Bloch states satisfy the following equation in the first principles LOAO 
method, 
= ES^ (1.12) 
Here H is the electronic Hamiltonian and S is the overlap matrix. E is the energy 
and $ is the wave function of single electronic state in the crystal. Eq.( 1.12) can be 
rewritten as 
^-V2;^g-l/2gl/2^ = (1.13) 
Introducing 
H = (1.14) 
and 
u = 5V2$ (1.15) 
we can write Eq.( 1.13) as 
Hu = Eu (1.16) 
Here is a transformed Hamiltonian and u is a normalized wave function. 
To derive the change of the one-electron energies up to second order in 
lattice displacements Ua(^'«), we use perturbation theory. 
(1.17) 
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S  =  Sq  +  XAS (1.18) 
|um>==5'yVm> (1.19) 
and 
< un\um >=< >=< >= Snm (1.20) 
The transformed Hamiltonian H can be expanded as 
H = 
= [50 + AA5]-1/2[^o + ^ ^H][Sq  + AA5]-V2 
= - 1/2Sq^^ ' ^ASX +  ...][Fo + - l/25^^/^A5A + ...] 
= + X{SQ^^^AHSQ^^^ - 1/2[Sq^ASSQ^^'^HqSQ^^^ + 
+ ... (1.21) 
The first order of the change of Û is 
AH = -  1/2[5^1A55'o + ^Qg^^Ag) (1.22) 
The matrix element of AH between two electronic states \un  > and \um > is given 
by 
< un\AH\ufii >=< A^ — l/2[^7i -t- A5'|$^ > (1.23) 
The perturbations, AH and A5, of the Hamiltonian and overlap matrix come 
from the displacement of ions. 
^ = + (1-24) 
(99 
^ = ^0 + > E «TTM""*'") + - (125) 
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So, the changes of AH and AS up to Hrst order in the displacements of the ions are 
arr ot t  
d-^e) 
Here, Ra{lK) is the position of the ion and Ua{lK) is the displacement of K-th ion in 
f-th cell and along a direction. 
The second order change of total energy, can be calculated by second order 
perturbation theory. 
4" = - E /n{l - (1,28) 
n,m ^rn - -ûn 
in which 
< Un\AH\um >=< ^n\AH — ll2[Em + •É'n]^«S'|®m > (1.29) 
By using the Bloch functions in a crystal, the second order contribution of the 
total energy is written as 
4%-) = - E .E 
knu  y=k- \ -q  * 
gOLK / 
OLK^a^K 
in which 
fl'S" r = I] E ^*(fc'/i|Kl"il)l7a(«l"ii,K2"»2l^)^'«lAC-
K «JWIJ «27712 
'ya{i^imi,K2m2\k')SK2K]A{k/i\K2m2) (1.31) 
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and 
7a(«imi,K2ni2|fc) = E < duain^i,K2I2) >e-^^-^('«l^l''«2^2) 
(1.32) 
Here u^an) is the Fourier transformation of the displacements of the ions. 
Uoc{IK) = N~^^^^u^aK)exp[iq.R{lK)] (1.33) 
g 
A{k f i \Km)  is the Kin  coefficient of the electronic state {kfi > with energy at k .  
>= E A{kfi\Kmyir(Km) (1.34) 
Km 
where <I>^(/tm) is a Bloch lattice sum which is a linear combination of atomic orbitals, 
^l!r{Kvi) = ^(f){lKTn)exp[ik.R{lK)] (1.35) 
"  I 
and <p( lKm)  is the local atomic wave function of the m-th atomic orbital at site k  in 
the /-th cell. 
From the expression of the total energy of the second order perturbation, 
the expression for D2 can be written as 
= - E E 
k f iuk>=:k+q 
This is the expression evaluated in the following chapters of this dissertation. 
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CHAPTER 2. ELECTRONIC ORIGIN OF THE INTERMEDIATE 
PHASE OF NiTi 
Abstract 
A nesting feature in the Fermi surface of ordered, equiatomic NiTi is reported, 
and related to observed "premartensitic" phenomena. 
The shape-memory effect exhibited by NiTi alloys is associated with the marten­
sitic transformation which occurs near room temperature. The high temperature 
phase has the CsCl (B2) structure, while the low-temperature martensitic phase is 
thought to be mono clinic.^ As temperature is lowered, the martensitic transformation 
in the equiatomic alloy is preceded by a "premartensitic" or "intermediate", R phase.^ 
X-ray, electron, and neutron scattering^ indicate the development of superlattice 
peaks near Qg = (^, j,0)27r/a in the R phase.Earlier inelastic-neutron-scattering 
results suggested an anomaly near this wave vector,and more recent results^""® 
indicate that a transverse phonon with wave vector Qq in the CsCl structure goes soft 
continuously as the temperature is lowered. A calculation of the phonon spectrum^® 
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which included an evaluation of approximate electron-phonon matrix elements based 
on the self-consistent augmented-plane-wave (APW) band structure^^ failed to show 
any feature near Qq which would explain the sharp phonon anomaly reported.®'® 
Questions have therefore been raised about possible other driving mechanisms for 
the anomaly. 
We present the results of a new self-consistent band structure calculation which 
yields a slightly different Fermi surface for the high-temperature /3 phase of NiTi. 
We find that the small differences from a previous calculation^^ do in fact lead to a 
nesting feature of the Fermi surface, and the nesting wave vector occurs very close 
to the position observed for the superlattice peaks (actually a few percent smaller 
than Qg). Evaluation of the electron-phonon matrix elements using the method of 
Varma and Weber^^ leads to a soft mode in the lowest II4, transverse branch and 
calculated phonon dispersion curves in good agreement with the neutron-scattering 
experiments. A more detailed account of our calculations and a more in-depth study 
of NiTi will be presented elsewhere. 
We used a self consistent first-principles tight-binding method^"^ to evaluate the 
band structure. The results look very similar to those reported by Papaconstantopou-
los et al.,^^ with only subtle differences; however, one of those differences occurs on 
the Fermi surface as shown in Fig. 2.1. Also shown is the Fermi-surface-nesting wave 
vector between an unoccupied portion of band 7 and an occupied portion of band 
8. The nesting extends for kz values between —0.27r/a and +Q.2xfa. To evaluate 
the generalized susceptibility, x(g), we fit the first-principles band structure in two 
independent ways. We first used a set of 60 symmetrized plane waves and obtained 
a rms fitting error for bands 7 and 8 of 1.1 mRy. An empirical, nonorthogonal 
Slater-Koster (or tight-biding) fit was also made with comparable rms errors. The 
generalized susceptibility was calculated using the tetrahedron method^® with the en­
ergy eigenvalues obtained from either fit giving nearly identical results. The Fourier 
series was faster, which allowed the efficient evaluation of more q vectors. We show 
in Fig. 2.2 those results for q along the [110] direction. There is a noticeable rise in 
the susceptibility from point F to point M and of particular importance is the small 
peak which is caused by the nesting feature described above. 
A sharp peak in %(g) is frequently associated with charge-density waves (CDW's) 
and lattice instabiUties. Elementary arguments associate CDW's with longitudinal-
phonoa modes; however, in transition metals the d-wave functions allow for many 
types of coupling, and a full evaluation of the electron-phonon matrix elements is 
required. For example, a similar small peak in the %(g) in fee La causes a sharp 
phonon anomaly at g = (0.42,0.42,0.42)7r/a only in the transverse branch.^® 
To evaluate the electron-phonon matrix elements we have adopted the method 
of Varma and Weber.We use the full formalism^^ and not the simplified approx­
imation used by Bruinsma.^^ The basic idea is to evaluate accurately the electron-
phonon coupling for bands 7 and 8 which cross the Fermi level and give rise to rapidly 
changing q-dependent contributions to the dynamical matrix. For the calculation, 
the Brillouin zone was partitioned into cubes on a 7r/20a mesh and the electron-
phonon matrix elements were assumed constant within each cube. This restricts 
the evaluation of the dynamical matrix to q vectors on the same mesh [unlike the 
x{q) results of Fig. 2.2]. A few short-range force constants are used as parameters 
to model the short-range or gradual q-dependent contributions. The values of the 
six short-range force constants (INN Ti-Ni, Ni-Ni, Ti-Ti) were determined by fitting 
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the total theoretical values (obtained from the short-range force constants plus the 
electronic contribution) to the phonon measured to 400 K.® Also, information from 
phonon density-of-states measurements^ has been included in the fitting procedure. 
Phonon frequencies have been measured only for the three acoustic phonon branches 
along various high-symmetry directions and for a few optic modes very close to the 
Brillouin-zone center.®"^ Because of the large incoherent scattering of Ni and the 
negative coherent scattering amplitude of Ti, the measurement of the optic modes is 
difficult. 
The calculated phonon dispersion curves are in good agreement with the neutron 
data of the acoustic modes (see Fig. 2.3). However, the theoretical results predict a 
gap between optic and acoustic modes which is not observed in the phonon density-
of-state data. It should be noted that any Born-von Karman model constructed for 
the interpolation of the experimental phonon data also yields a gap or pseudogap 
between optic and acoustic modes. We suspect that this discrepancy arises from 
significant antisite disorder between the Ti and Ni sublattices. 
The lack of data for the upper three branches is a problem in arriving at a final 
theoretical set of short-range parameters. We plan frozen-phonon calculations to pro­
vide a totally first-principles phonon spectrum for the completely ordered compound. 
Figure 2.3 exhibits the acoustic branches along the [110] direction. A very 
strong renormalization of the transverse S4 (110) modes due to electron-phonon 
interaction is observed over the whole range of the S4 branch. Also the longitudinal 
(110) branch is drastically lowered towards the zone boundary, where it becomes 
degenerate with the S4 branch. In addition, a strong dip in the S4 branch near 
Qq = ( J, j,0)27r/a is obtained. In fact, the theoretical results, which are appropriate 
for T  = O/f, indicate a lattice instability. Any finite-temperature effects would smear 
the nesting and bring theory and experiment into better agreement. This idea is 
supported by the large measured temperature dependence of the dip.® 
The coupling of the electrons to the S4 branch arises from the geometry of the d 
orbitals involved. For k on the nesting portion of the band-8 Fermi surface the largest 
component of the wave function is from the Ni d^2 y2 orbital, and for & 4- Qg on 
the nesting portion of the band-7 Fermi surface the largest component of the wave 
function is from the Ti dxy orbital. The matrix elements involving these orbitals are 
an example of a so-called dormant interaction^^ which results in a particularly large 
electron-phonon coupling for the S4 displacements and little coupling for the [001] 
transverse displacements. 
Besides the extreme temperature dependence of the S4 branch near ( 0)27r/a, 
the entire S4 branch is temperature dependent, with the frequencies becoming smaller 
as the temperature is lowered. This anomalous temperature dependence is charac­
teristic of the lower transverse [110] branch in many bcc elements. We expect the 
anharmonic couplings responsible for this behavior to be similar to those we have pre­
viously studied for the bcc-to-hep transition in Zr.^® The anharmonic interactions 
in the entire S4 branch are responsible for driving the martensitic transformation. 
The transformation to the intermediate phase, on the other hand, is caused by the 
nesting and resulting dip in the S4 branch, with an added contribution from the gen­
eral lowering of the S4 branch (with decreasing temperature) which helps to push 
the Qq phonon to lower frequencies and eventually soft. Thus, the "premartensitic" 
phase in NiTi is present only because of a subtle feature of its Fermi surface, and 
exactly similar premartensitic phenomena are not in general expected to accompany 
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martensitic transformations in other alloys. 
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Figure 2.1: The Fermi surface for band 7 in the left zone and for band 8 in the right 
zone. The shaded regions are occupied. The arrow shows the wave 
vector between the nested regions. The dashed curve is a section of the 
band-7 Fermi surface reported in Ref. 11 
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Figure 2.2; The generalized susceptibility for NiTi along the [110) or 2 direction. 
Only bands 7 and 8 which cross the fcrmi level were included. 
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Figure 2.3: The phonon dispersion curves along the [110] direction. The data points 
are from Ref. 9. The dashed lines are the calculated results using only 
the short-range force constants, while the solid lines are the calculated 
results including the electron-phonon matrix elements for bands 7 and 
8. The frequencies were calculated on a k mesh of 0.05 tt/o 
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CHAPTER 3. PHONON ANOMALIES IN ^-PHASE NiAl ALLOYS 
Abstract 
The electronic band structure of /3-phase NiAl has been calculated using a first-
principles LCAO method, and then fitted by the non-orthogonal empirical tight bind­
ing method for the evaluation of electron-phonon matrix elements. A Kohn like 
anomaly in the TAg branch along the [110] direction is attributed to both strong 
electron-phonon interactions and Fermi surface nesting. Other phonon anomalies 
near q = 0.55[lll]7r/o and q — 0.6[100]7r/a in /3-phase -^^0.50-^^0.50 predicted. 
For the ^^0.625''^'0.375 composition the T/lg anomaly shifts to smaller wavevectors 
and the phonon is predicted to be soft for T = OK. Introducing a thermal smearing 
of the Fermi surface is enough to stabilize this mode which occurs near [y gO]7r/a and 
is associated with the well known martensitic transformation. 
A. Introduction 
Martensitic transformations have been perplexing scientists for over a century. 
It was only with the discovery and application of x-ray dififraction to steels, that the 
fundamental nature of such transformations was established They involve the 
cooperative, rather than diffusive, displacement of atoms. The size of the displace­
ments can be a large percentage of the lattice constant, and the resulting crystal 
symmetry is altered. Displacive transformations occur in a wide variety of materials 
and are further classified from weak (almost second-order) to strongly first order 
Among those materials which exhibit transformations intermediate between these 
extremes, /3-phase NixAl\_y, alloys are the prototypical examples and have received 
extensive study by neutron, x-ray, and electron scattering, as well as numerous other 
techniques. Many of these studies are quite recent, and have provided a wealth of 
details concerning the transformation.J There is also a growing optimism that a 
complete microscopic analysis of such transformations will soon be within reach.M 
In this paper we focus on the phonon structure of Ni-Al alloys and relate it to the 
underlying electronic structure, an important ingredient in the "mechanics " of many 
martensitic transformations. 
The cesium chloride or /3-phase structure of NixAli_j^ alloys is well known 
for exhibiting a martensitic phase transformation for x near In the high 
temperature phase, neutron scattering measurements have found phonon anomalies 
which strengthen as the temperature is lowered toward the transformation temper­
ature, The anomalies are also dependent on the concentration, x, and the 
applied stress; and occur at those phonon wavevectors related to the transformation 
displacements.Among investigators studying such phenomena there is the be­
lief that "the phonons are the roadmaps" for the physics of the transformations. 
Indeed, the large decrease in vibrational frequency observed as the temperature is 
lowered is quite anomalous and is indicative of strong anharmonic interactions. In 
the last few years it has been realized that these anharmonic forces are the key to 
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understanding many martensitic transformations.[5,15—21] this paper we concen­
trate on the phonons themselves, rather than on the large displacements occurring 
for the transformation. We are able to identify a nesting feature of the Fermi surface 
as the electronic origin of the phonon anomaly and to trace its dependence on con­
centration. Other recent studies relate the anomalies to anharmonic forces for large 
displacements,!®] and to the observed pseudoelastic behavior under applied stress. 
The electronic structure of NiAl has been the subject of numerous 
investigations.In general there is good agreement among the theoretical band 
structure calculations. (See Ref. [22] for a comparison of several theoretical studies 
along with detailed data from angle resolved photoemission experiments. Ref. [23] 
gives a comparison between theory and experiment for the optical conductivity up to 
6 eV). The electronic structure of ordered NiAl is of course easily evaluated using 
modern band structure methods, while the consideration of concentration changes 
(x-dependence) or disorder requires further approximations which we address later. 
The experimental determination of the bulk and surface vibrational modes of 
NiAl have recently been reported,[^^1 and we first concentrate on the theoretical 
determination of these phonon dispersion curves (for the bulk x=0.5 alloy). We then 
follow the weak anomaly in the transverse [110] branch and show how it moves and 
strengthens as x approaches the values where the martensitic transformation occurs. 
The transformation temperature, Tjj^, is also very sensitive to the concentration and 
varies from 0 K to 400 K as x varies from 0.60 to 0.68.While we are unable to 
accurately treat the temperature dependence, we do show how a thermal smearing 
of the sharp Fermi surface nesting feature affects the phonon anomaly in a manner 
consistent with the experiments. 
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B. Electronic Structure and the Phonon Spectrum of /?-Phase NiAl 
1. Method 
We have used a self-consistent first-principles LCAO methodl^^l to calculate the 
electronic band structure of NiAl. The same method was also used in our study of 
the electron-phonon interactions in NiTi.l^^l In this method the s, p and d radial 
functions are expanded in a series of 18, 18, and 15 Gaussian functions respectively 
and the required integrals performed analytically. The method is quite accurate and 
our results for the energy bands and density of states are very similar to previous 
first principles studies.In order to calculate the electron-phonon, (e-ph), in­
t e r a c t i o n  m a t r i x  e l e m e n t s  f o r  u s e  w i t h  t h e  m e t h o d  o f  V a r m a  a n d  W e b e r , t h e  
first-principles band structure was fitted using a non-orthogonal Slater-Koster tight 
binding(TB) Hamiltonian. The empirical TB model included s, p and d states on Ni, 
and s and p states on AI. Thirteen bands of 15 high symmetry k-points have been 
fitted. When the energy bands around the Fermi energy, (Ey = 0), are given higher 
weight, the overall RMS error is about 1.8 mRy, with the fit errors for the energy 
bands around ej: being about 1 mRy. The TB energy bands are shown in Fig. 3.1. 
From Fig. 3.1 it can be seen that only the energy bands 6 and 7, counted from the 
bottom, cross the Fermi energy. These are the bands which will be included in the 
calculation of the e-ph interaction. The TB bands around the Fermi energy differ 
insignificantly from the first-principles results. High quality TB bands are vital for 
the calculation of the e-ph interaction, since a subtle distortion of the Fermi surface 
may smear out any nesting feature contributing to the phonon anomaly. The total 
and partial electron density of states (DOS) are given in Fig. 3.2. One interesting 
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feature of the DOS is that there is a sharp dip in the Ni d states at -0.058 Ry, which 
almost divides the d electron states of nickel into two parts. Only the antibonding 
d states of Ni which mix with the s and p states of A1 are located near the Fermi 
energy. The four low energy d bands of Ni are full and it is found that the total d 
occupation is close to 9.0, the same as for pure Ni. 
To proceed with the evaluation of the electron phonon coupling we follow Varma 
and Weber and write the dynamical matrix as 
where (Dq + are the short range interactions between the atoms, which will be 
depicted by a Born-von Karman force constant model ; D2 is the contribution from 
D = DQ + Di + D2 (3.1) 
the e-ph interaction, which is given by 
^kf i ,k+qu^k+qu,kf i  
in which 
(3.3) 
and 
7„(^imi/32m2 1 £) = E < I BucWhW ' > 
Q-ik.R{l3ili,^2h) (3.4) 
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Here | > is the m-th orbital of the atomic wave function at site (3 ;  r{ l i (3i , l2^2) ~ 
Rih^l) ~ R{h^2) 5 I is the ( /3 m) component of fi-th. eigenstate at the 
point k. is the energy of band at k ; is Fermi distribution function; H 
is the Hamiitonian; and Ua{/31) is the displacement of the atom at the /3 site of I -th 
cell. 
In our calculation the Brillouin zone was partitioned into cubes on a 7r/(20a) 
mesh. In the standard 1/48 th region of the Brillouin zone, there are 1771 k-points 
on a mesh of cube corners which will be used to calculate the energy, E{k). There are 
1540 k points, which are located in the centers of the cubes and the wavefunctions 
at these k points are used to calculate the e-ph matrix elements which are assumed 
constant within each small cube. The actual Brillouin zone sum depends on the 
symmetry of the phonon wavevector and use is made of group theory to keep the 
calculation manageable. 
2. Results 
The phonon dispersion curves of a /3-phase NiAl single crystal with the stoi-
chiometry 0.506 ± 0.002 A1 have been recently measured by neutron scattering. 
A weak phonon anomaly was found in the lower transverse branch along the [110] di­
rection, which could not be reproduced by fitting the results with Born-von Kdrman 
force models extending to third- and fourth- nearest neighbors. 
We have used the Born-von Karman model to represent the contribution of 
{Dq + I?i) to the dynamical matrix. We used axially symmetric force constants 
and included interactions to the second shell for each atomic pair (Ni-Ni, Ni-AI, and 
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Al-Al pairs) to fit the measured phonons. The force constants for (Dq + ZJj) are 
listed in Table 1. Without including the e-ph interaction (Dg) but using the axially 
symmetric model, the fitted average RMS error can be optimized to 0.19 THz and the 
calculated results are almost identical to those of reference [31]. The phonon anomaly 
in the transverse branch along [110] direction can not be reproduced. When the e-
ph interactions were evaluated and included in the phonon dynamical matrix i?2) 
the calculated phonon dispersion curve displayed the phonon anomaly in the TA2 
[110] branch, as shown in Fig. 3.3 (a). There is an inconsistency in the literature 
in labeling this branch. We follow references [4, 9, 13] in labeling,it TA2- It has 
a polarization vector along the (1Î0) direction. Phonon dispersion curves along the 
[111] and [100] directions are also given in Fig.s 3.3 (b) and (c). The average RMS 
difference between the calculated phonon frequencies and the measurement is about 
0.15 THz. 
The most prominent phonon anomaly of /3-phase NiAl is the broad and shallow 
dip along the [110] direction, which is stable even at low temperature. This is consis­
tent with the experimental finding that the /9-phase ^^0.50"^%.50 is stable and 
does not transform to another phase at low temperature.It is different from 
the phonon anomaly of the /3-phase of NiTi, which exhibits a sharp phonon dip and 
a completely soft phonon at low temperatures. 
We have also performed the calculations by evaluating the Fermi distribution 
function in Eq.(2) at temperatures of 1 K, 296 K, and 500 K. The higher tempera­
ture results in a smearing of the Fermi surface, but does not account for the additional 
smearing caused by the static and dynamic disorder. The phonon frequency at the 
anomaly q — 0.5[110]7r/a is reduced from 2.23 THz at 500 K to 2.19 THz at IK. 
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The change of the phonon frequency between these two temperatures is only about 
1.8%. This is quite small and changes in phonon frequency due to other effects such 
as phonon-phonon interactions and lattice expansion may well be larger. Another 
interesting finding from the calculation is that the phonon dispersion curves of the (3-
phase NiAl will also have a phonon anomaly in the TA mode along the [111] direction 
around 0.55[lll]7r/a which should be measurable. Another weak phonon anomaly in 
the LA mode along the [100] direction near 0.6[100]7r/a is also predicted, but may be 
too small and difficult to measure. 
C. Calculations for 13 -Phase NixAli_^ Alloys 
The NixAli_j, alloys undergo amartensitic phase transformation for 0.60 < œ < 
0.68 with the transition temperature varying between 10/C < Tjjj < 400/ir.[^^' A 
neutron scattering study found that the transverse acoustic phonon of ^%0.625-^^0.375 
along the [^(0] direction exhibited a marked, but incomplete softening at ^  = g(27r/o), 
which was also temperature dependent. The position of this phonon anomaly along 
the [110] direction also depends on the composition, x. Increasing the Ni concentra­
tion, the position of phonon anomaly shifts toward the zone center.A calculation 
for A^%0.625'^^0.375 difficult because the excess nickel will randomly occupy A1 sites 
and lead to some disorder, making accurate first-principles calculations infeasible at 
present. Even if the excess nickel atoms were ordered in a superlattice structure, 
first principles calculations would be very difficult because of the need to consider 
very large unit cells. Instead we have used a rigid band model to trace the phonon 
anomaly and to offer some insight into the effects of compositional changes. Because 
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the NixAli_y, alloys used in the experiments were single crystals with the same 
CsCl crystal structure, we start with the same band structure, that of the /9-phase 
^^0.50^^0.50 B^Uoy. The Fermi energies will be different for different compositions in 
these alloys since the number of valence electrons will depend on x. 
A naive application of the rigid band model would assign 10 valence electrons 
to Ni and 3 to Al, and the excess Ni would then raise the Fermi level above that 
of the 50-50 alloy. This does not work for explaining the shifts in optical spectra 
as a function of concentration.The 3d electrons are highly correlated, and first 
principles calculations for other compounds containing Ni show that Ni maintains 
a d-electron occupation very close to 9.0 —the same as for elemental Ni metal. It 
is therefore more appropriate to consider the configuration as fixed (core-like) so 
that each additional Ni atom only adds a single valence electron to the rigid bands 
of the 50-50 alloy. Thus the Fermi level is lowered as the Ni concentration increases. 
This is consistent with the optical spectra,and gives a very resonable explanation 
for the concentration dependence of the phonon anomaly, as we describe below. Very 
recent KKR-CPA calculations which do take in account the compositional disorder 
are in substantial agreement with this picture. 
Using the rigid band model as explained above, we have calculated the e-ph in­
teraction for the /3-phase •'^^0.625-^'0.375 shifting the Fermi energy down 0.0218 
Ry relative to that of the alloy. Actually this energy shift corresponds 
to ^^0.60^^0.40 the constraint is strictly applied (the concentration dependence 
is discussed later). Keeping the same short range force constants(Table 1), the cal­
culated phonons along the [110] direction are shown in Figure 3.4. From Fig. 3.4, it 
is seen that the TA2 [110] phonon has a very strong phonon anomaly and becomes 
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completely soft near q — 0.35[110]7r/a. The calculations were performed without 
regard for temperature effects and are strictly speaking only valid for T — OK. Ex­
perimentally the dip in the TA2 dispersion curve becomes deeper as the temperature 
is lowered, but the transformation takes place before the phonon frequency goes to 
zero. This is in contrast to the case of NiTi where there is a Tvig phonon which 
does go soft before the actual martensitic transformation.In previous calcu­
lations we showed that this phonon anomaly in NiTi is also caused by Fermi surface 
nesting and strong e-ph coupling.f^^^ The dramatic temperature dependence of these 
anomalies can be associated with the smearing of the nesting feature of the Fermi 
surface as T increases. The disorder in the ^^0.625-^^0.375 ^vill have a similar 
effect as the temperature in smearing the Fermi surface, thus the completely soft 
phonon in Fig. 3.4 near q — 0.35[110]7r/o, will be hardened by the combined effects 
of compositional disorder, thermal disorder (vibration of the atoms) and the thermal 
smearing effects of the Fermi surface. A direct calculation including these effects on 
the phonon frequency is extremely difficult. We have therefore used a temperature 
smearing of the Fermi distribution to simulate all the disorder contributions. In Fig. 
3.5, a temperature of 1000 K has been used in the Fermi distribution function to 
compare the calculated results with the experimental measurement. The squares for 
the lower branch are the TA2 phonons measured at room temperature, the trian­
gles are the TAi modes, and the open circles are the longitudinal acoustic phonons. 
The solid lines correspond to the theory which shows that the TA2 phonons become 
stable, and only a marked phonon anomaly persists. The dashed curve shows the 
TA2 phonons measured at T = 85 just above the martensitic transformation 
temperature. Note that we fit the (DQ + short range force constants using aU 
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the phonons measured at room temperature. 
D. Discussion and Conclusions 
The Fermi surface nesting which is responsible for the TA2 [110] phonon anomaly 
is shown in Fig. 3.6. The Fermi surface in Fig. 3.6 corresponds to same electron 
occupation as used for the calculation of Fig. 3.4. The figure shows the Fermi surface 
in kx — ky planes for three different values of kz (0.25, 0.38, and 0.48 7r/a). One of the 
nesting regions is indicated by the arrow, and the others (related by symmetry) are 
obvious. In order for there to be a peak in the generalized susceptibility (an hence 
in D2 ) the nesting shown in the kz — 0.387r/a plane must extend some distance 
perpendicular to the plane. We find there is significant nesting extending between 
kz = 0.257r/a and kz = 0.487r/a. The generalized susceptibility (Eq.(2) with no e-ph 
matrix elements) is frequently calculated as a useful function for identifying where in 
q-space phonon anomalies are likely to occur. For nesting the susceptibility exhibits 
a peak, and this is shown in Fig. 3.7. While the peak is not particularly dramatic 
(the volume in the k-space that is actually "nested" is quite small), the peak together 
with very strong transverse mode e-ph matrix elements is enough to drive the already 
low frequency TA2 phonons soft ( at least for the theory at T = OK ). This is very 
similar to the situation we encountered for NiTi.t^^l 
The /5-phase NixAli_g, alloys for different concentration can be considered by 
shifting the Fermi energy in a rigid band fashion as we have described. The position 
of the anomaly, Qjjiini of the TA2 phonon along the [110] direction for ^-phase 
NixAli_^ alloys is given in Fig. 3.8. Here we determine the position of Qf^in 
identifying it with the peak in the generalized susceptibility. The susceptibility can 
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be calculated on a much finer q mesh if e-ph matrix elements are not required. We 
find that the calculated position of the phonon anomaly has a linear relation with the 
electron concentration as has been found in the neutron scattering.It should 
be noticed that the units of Qmin in Fig. 3.8 are it/a instead of 27r/a which are used 
in reporting many experimental results. We also note that if the one electron per 
Ni atom constraint for the rigid band model were strictly applied then the Ni 0.625 
concentration would correspond to -0.5 valence electrons in Fig. 3.8 and the Qjnin 
would occur at ~ O.Stt/o 
We are somewhat limited in our analysis by having to assume a rigid band model. 
However this model appears quite useful since a number of features of the observed 
phonon anomalies depend on the Fermi surface nesting, the existence of which sug­
gests a long range coherence in the electronic structure. (As mentioned earlier, this 
has recently been confirmed by KKR-CPA calculations.Since compositional and 
vibrational (thermal) disorder both act to smear the Fermi surface, we have been 
partially able to simulate these effects by using temperature as a parameter in the 
Fermi distribution function. As Fig.s 3.4 and 3.5 demonstrate, the smearing of the 
nesting is enough to stabilize the soft phonon. Since we perform our calculations 
on a 7r/(20a) mesh we are unable to be extremely precise as to the position of the 
dip. The actual lock-in of the wavevector to 7r = [2/7,2/7,0]7r/a involves higher 
order terms in the energy vs displacement relation than we have considered. Finally 
we note that the possibility of compositional fluctuations in the /3-phase NixAli_^ 
alloys for 0.60 < x < 0.68, could lead to variations in the degree of the disorder 
for different regions of the material. A region with less disorder could result in the 
anomalous phonon going completely soft. This region would then act as a nucleation 
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center for the phase transformation. This is similar to the idea of "localized soft 
modes" as a response to defect strains. 
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Figure 3.1: Tlie electronic energy bauds of /3-phase NiAl. The bands were calcu-
la.ted by u.sing a first-princjplos LOAO method and then fit by using au 
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Figure 3.3: The phonon dispersion curves of the /0-phase NiAl, along the three di­
rections, [110], [HI], and [100]. All the lines are the calculated results 
and the symbols are the experimental results. Solid lines and circles rep­
resent the longitudinal modes, dashed lines and triangles (or squares) 
the transverse modes, (a). [110] direction. 
43 
U 
0.8 0..6 0 .2  0.0 
K/Kmox 1 1 1 
Figure 3.3 (continued), (b). [Ill] direction. 
44 
K/Kmox [100] 
Figure 3.3 (continued), (c). [100] direction. 
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Figure 3.5: Calculated phonon dispersion curves (solid lines) of the /?-phase 
^'0.625-^^^0.375 which a temperature of 1000 K has been used 
in the Fermi distribution function in order to simulate the effects of dis­
order in smearing the Fermi surface. The symbols are the experimental 
results at room temperature. Dashed lines depict the experimental 
results  at  r  = S5K. 
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Figure 3.6: Tlie Fermi surface showing the nesting feature of the /3-phase 
^^0.625^^0.375 The kx - ky planes with three different values of 
kz (0.25, 0.38, and 0.48 7r/a ) are shown, and the arrow indicates the 
two nested surfaces. 
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Table 3.1: The longitudinal (/) and transverse { t )  short range axially symmetric 
force constants for (DQ + Di) used in the Born-von Karmdn model for 
the /3-phase of Ni-Al. The full dynamical matrix also includes the long 
range electronic interaction given by equations (1) and (2). 
p a i r  s h e l l  r  ( l )  ( < )  
(4) (lO^dyn/cm) (lO^dyn/cm) 
Ni-Ni 1st 2.8864 6.8243 -1.3819 
2nd 4.0820 6.2983 -0.1671 
Ni-Al 1st 2.4997 32.7441 0.0408 
2nd 4.7866 1.2782 0.1659 
AI-Al 1st 2.8864 20.2224 -0.5254 
2nd 4.0820 3.0884 -0.4070 
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CHAPTER 4. ELECTRON-PHONON INTERACTION AND 
PHONON-ANOMALY IN ^-PHASE NiTi 
A. Introduction 
Equiatomic NiTi is a prime example of a martensitic alloy that exhibits shape 
memory.!^» Among the reasons for the wide interest in NiTi are its important 
applications in metallurgy and the challenge for physicists to understand the mi­
croscopic process of the phase transformation. At high temperature, equiatomic 
NiTi possesses a simple cubic (SC), CsCl-type or B2 structure. It is called a /9-
phase alloy. As temperature is lowered, /0-phase NiTi undergoes a premartensitic 
phase transition at about room temperature before the martensitic phase transfor­
mation takes place.X-ray and electron diffraction studies revealed superlat-
tice spots within the premartensitic phase.Inelastic neutron scattering exper­
iments have found that the TA2 [HO] (or S4) phonon branch in the /?-phase is 
temperature dependent and becomes soft near Qq = ^(1,1,0)27r/a at about room 
temperature.The condensation of the soft phonon of a TA2 
[110] mode is responsible for the new structure which is the so-called premarten­
sitic phase. This phase transformation can account for the most prominent pre­
martensitic features, i.e., the g-type superstructure reflections, internal friction and 
electrical resistivity anomalies.However, a previous calculation of the 
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plionon dispersion curves in /3-phase NiTi which included an evaluation of approx­
imate electron-phonon (e-ph) matrix elements failed to show any feature near QQ 
which would explain the sharp phonon anomaly found in measurements.Ques­
tions have therefore been raised about other possible driving mechanisms for the 
anomalies. 
In order to understand the microscopic mechanism of the premartensitic phase 
transition, a self-consistent first principles calculation for the electronic structure of 
/3-phase NiTi was performed by using a linear combination of atomic orbitals (LCAO) 
method. The first-principles band structure was then fitted using a non-orthogonal 
Slater-Koster tight binding(TB) Hamiltonian which was used in the calculation of the 
e-ph interaction. The contribution of the e-ph interaction to the phonon dynamical 
matrix was calculated by the method of Varma and Weber.It is found that an 
accurate evaluation of e-ph matrix elements results in a soft mode in the lowest 
S4 transverse branch. The temperature dependence of the phonons, especially the 
hardening effect of the soft phonons near Qq = (2/3,2/3,0)7r/a as temperature is 
raised, has been examined carefully. The calculated phonon dispersion curves are in 
good agreement with the neutron scattering experiments. 
B. Electronic Structure 
A study of the e-ph interaction requires the calculation of the electronic structure 
and e-ph matrix elements. As the first step, the electronic structure of /3-phase 
equiatomic NiTi was calculated by the self-consistent first-principles LCAO method. 
The density of states from the first principle calculation is given in Fig. 4.1. The 
peaks in the density of states at low energy (about from -0.3 to -0.1 Ry) are mainly 
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from Ni 3d states while the peaks around ej; (here ej; — 0 ) are mainly from Ti 3d 
states. 
The first-principles band structure was fitted using a non-orthogonal Slater-
Koster tight binding Hamiltonian. A high quality fit of the bands is vital for the 
calculation of the e-ph interaction since a subtle distortion of the Fermi surface may 
smear out any nesting feature contributing to the phonon anomaly, Thus special 
attention is needed in the fitting procedure. In this calculation 15 k points were used, 
which were chosen at the high symmetry points or lines in the irreducible Brillouin 
zone. At the first stage of the fitting, all the bands of the 15 high symmetry k-points 
were used and an average rms error of about 2.7 mRy was reached. Group theory was 
used to fit the irreducible representations separately. Then the energy bands around 
the Fermi energy(^y = 0) were assigned higher weight since these bands would be 
most effective for the e-ph interaction. An average rms error of 1.8 mRy was obtained, 
with the fitting errors for the energy bands around ej: being about 1 mRy. The fitted 
TB parameters are listed in Table 4.1. In Table 4.1, Es, Ep, and Ej^ are the atomic 
energy levels; c.f.(lst) and c.f.(2nd) are the crystal field parameters for the first and 
second shell of the atom; H stands for Hamiltonian and S for overlap. In the case of 
)9-phase NiTi, only bands 7 and 8 (from the bottom) cross the Fermi energy, and give 
the dominant e-ph interaction contribution to the phonon dynamical matrix. As a 
whole, the TB fitted band structure is indistinguishable from that obtained from the 
first principles calculation. In Fig. 4.2, the TB band structure has been drawn along 
some of the high symmetric directions, and the Fermi energy, ej;, has been chosen to 
be zero. The band structure in Fig. 4.2 looks similar to that of Papaconstantopoulos, 
et al., but has some subtle difference from the tight binding fit of Bruinsma The 
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nesting feature of the Fermi surface with QQ = (2/3,2/3,0)7r/a shown in Fig. 4.3 
comes from around the N point of band 7 and the N' point of band 8 as shown in 
Fig. 4.2. The Fermi energy jBy is very close to the bottom of band 7 near the N 
point. A small shift of Ey or of the band structure will move the position of the 
nesting away from QQ = (2/3,2/3,0)7r/a. 
C. Calculation of Phonon Anomaly 
1. Method and Formulae 
The contribution of the e-ph interaction to the phonon dynamical matrix can be 
described by second order perturbation theory. We follow the method of Varma and 
Weberf^^l and write the matrix 
d2(ka,/a' 10 = - Z tg -îf 
k f i u  k { i  
in which 
7a(/?lTni/32Tn2 | k')8p^^]a{kti | /?2"^2) (4-2) 
and 
^  d H  
ç-ik.R{Pili,l32l2) (4.3) 
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Here | > is the m-th orbital of the atomic wave function at site /?; R{l\P\il2P2) ~ 
R[llPl) — R(l2(32)\ A{kfi | (3m) is the { (3 va) component of ^-th eigenstate at the 
point fc. is the energy of /i-th band at fc; H is the Hamiltonian; and ««(/?/) is 
the displacement of atom at site /3 of l-ih. cell; is a Fermi distribution function 
which gives the temperature dependence of electron occupation. 
The total dynamical matrix can be written as 
D = {Do + DI) + D2 (4.4) 
Here, DQ and Di are short range contributions to the dynamical matrix. D2 contains 
the long range interaction resulting from the e-ph coupling. Most of the effort of this 
calculation is devoted to the evaluation of Dg. The short range force constants for 
DQ + Di were determined by a least square fit using the experimental high symmetric 
phonons. 
2. Phonon Anomaly 
The temperature dependence of the phonons has been included in the calcula­
tion through the Fermi distribution function. The short range force constants were 
kept the same for all the temperatures. Thus phonon differences among these tem­
peratures arise only from the D2 contributions through the change of the electronic 
distributions at the different temperatures. The short range force constants are listed 
in Table 4.2. The calculated phonon dispersion curves along [110], [111], and [100] 
directions are given in Fig.s 4.4(a),(b),and (c). The negative frequency in Fig. 4.4(a) 
means the frequency is imaginary. Experimental results are also given in Fig. 4.4, 
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as the symbols. The most interesting result is the TA2 phonon along [110] direction 
in Fig. 4.4(a). The TA2 phonon around Qg = (2/3,2/3,0)7r/a has been measured 
carefully in experiment and becomes soft at about room temperature.!^®' 
The soft phonon at QQ is responsible for the premartensitic phase transition, which 
is attributed to the nesting of Fermi surface as shown in Fig. 4.3 and discussed in the 
previous paper The reason for the hardening of the soft phonon at high tempera­
ture has been attributed to different mechanisms, (e.g., phonon-phonon interactions, 
the life time effect of the electronic states, disorder and smearing effect to the Fermi 
surface).!^®' But it is not clear which one is actually the most important con­
tribution. From Fig. 4.4, it can been seen that the calculated results are in a good 
agreement with the experimental measurement.The calculation has 
been done at T= 1, 320, 500, and 1000 K. At 1 K the calculated TA2 phonon at 
around QQ = (2/3,2/3,0)7r/a goes completely soft and the frequency becomes imag­
inary. At a higher temperature, for example, 500 K, the soft phonon becomes stable. 
At 1000 K, the soft phonon disappears and only a slight anomaly is observed. The 
hardening of the soft phonon at high temperature can be attributed to the smearing 
effect of the Fermi surface. Other mechanisms (e.g., phonon-phonon interactions, 
the life time effect of the electronic states, etc.) seem to be less important. On 
other hand the disorder of the lattice would also have a smearing effect to the Fermi 
surface. At high temperature (e.g. 1000 K) it would be expected that the thermal 
disorder of atoms also contributes to the hardening effect of the soft phonons. Thus 
the temperature at which the soft phonons becomes stabilized will be lower than the 
calculated result shown here ( about 1000 K). 
In Fig. 4.4, all the acoustic phonons along the [110], [111], and [100] directions 
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have been presented. The [110] TA2 phonon around QQ = (2/3,2/3,0)7r/a, which 
has polarization along the < 1Ï0 > direction and the lowest frequency, shows a 
strong temperature dependence. Also, the acoustic longitudinal branch along [110] 
direction has a weak temperature dependence around Qq = (2/3,2/3,0)7r/a. But no 
temperature dependence can be found for the [110] TA-^ transverse acoustic phonon 
branch. From Fig. 4.4(b), it is found that the longitudinal phonon along the [111] 
direction also has some temperature dependence, but it is less dramatic than for the 
TA2 [110] phonons. The transverse branch of the acoustic phonon along the [111] 
direction has only a small temperature effect. In Fig. 4.4(c), the longitudinal phonon 
branch in the [100] direction has a weak temperature effect, but the transverse [100] 
phonon branch has almost no temperature dependence from our calculation. The 
reason for the strong temperature dependence of certain phonons is attributed to 
their strong coupling to the electronic states on the nested Fermi surface, and the 
smearing effect to the Fermi surface at high temperature. The longitudinal phonons 
at about (0.6,0.6,0.6)7r/a and (0.6,0,0)7r/o have a small contribution from the elec­
tronic states on the nesting across the Fermi surface. A small anomaly for these 
phonons can be seen in Fig. 4.4 and their temperature dependences are weak. Other 
phonons do not couple to the nested Fermi surface and will have little temperature 
dependence. 
3. Analysis of D2 Matrix at g ~ (0.65,0.65,0)7r/a 
The soft phonon of the TA2 branch with a polarization along < 1Ï0 > at g ~ 
(0.65,0.65,0)7r/a is attributed to the strong coupling of the electronic states at the 
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Fermi surface . The most important contribution to D2{^ at g (0.65,0.65,0)7r/o 
comes from the coupling of the two electronic states {k and k + ^  across the nesting 
feature of the Fermi surface, as in Fig. 4.3. From the analysis of the wave function 
o f  t h e s e  s t a t e s ,  t h e  d o m i n a n t  c o n t r i b u t i o n  i s  f r o m  t h e  c o u p l i n g  b e t w e e n  s t a t e s  a t  k  
with Ti d^2 y2 character and states at A H- g with Ni dxy character. A schematic 
representation for these orbitals is shown in Fig. 4.5. The overlap matrix between 
these two states is zero when the Ni and Ti atoms are at rest on the regular lattice, 
that is, 
< ^ I > = 0 0 
where the character of Ti comes from states with wavevector k  on one 
piece of the Fermi surfaces and the xy character of Ni from states at (fe + ^ on the 
other side. Here q ~ (0.65,0.65,0)7r/a . Because the symmetry properties of the 
Ti d 2 y2 the Ni dxy wavefunctions these two states have zero overlap (see 
Fig. 4.5). The vibrations of atoms change the situation. The vibration of atoms along 
< 1Ï0 > direction, which is the polarization of the TA2 [110] phonon, will destroy 
the symmetry properties and bring in a big contribution to the change of the coupling 
between Ti d^2 y2 Ni dxy wave function, that is an important contribution 
to the electron-phonon interaction matrix. The vibration of atoms long < 110 > 
direction, which is the polarization direction of longitudinal [110] phonon(LA), will 
have almost the same effect. So the 2)2(9) matrix has a big contribution for the atomic 
vibrations along the < 1Î0 > and < 110 > directions, which correspond to the TA2 
and LA phonon branches. However the movements of atoms along the < 001 > 
direction do not have this effect and give little contribution to the I^2(^ matrix. 
The longitudinal phonon vibrating along the < 110 > direction has a much higher 
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phonon frequency at g ~ (0.65,0.65,0)7r/a than that of the TA^ transverse phonon, 
so the coupling of electronic states from the nesting feature of the Fermi surface will 
make the TA2 phonon soft but will only lower the frequency of the LA phonon, as in 
Pig. 4.4(a). This is made clear by considering the differences of phonon frequencies 
between the two calculations, one of which includes D2 and another without £>2- If 
we define 
A/ = /(no £>2) - f { v j i t h  £>2) 
where / is the phonon frequency. We find 
T A 2  A/(< liO >) = 3.29 { T H z )  
L A  A/(< 110 >) = 2.72 (T^^) 
T A i  A/(< 001 >) = 0.38 { T H z )  
at g = (0.65,0.65,0)7r/a.[^^] It is found that A/(< 110 >) is not quite equal to 
A/(< 1Ï0 >) since the electronic coupling also has some contribution from other 
orbitals. A/(< 001 >) is much smaller than the other two. 
4. /3-Phase NixTii_^ Alloys 
For /3-phase NixTii_^ alloys where x is close 0.5, the rigid band mode is a 
reasonable description for some of the properties of the system. We use the same 
electronic band structure for all the /0-phase NixTii_^ alloys, but the Fermi energies 
are different for different concentrations according to the total valence electrons. 
Since the position of the phonon anomaly and the strength of the e-ph coupling are 
very sensitive to the Fermi energy, a slight shift of the Fermi energy will results 
in a noticeable change of the phonon anomaly position and therefor the transition 
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temperature at which the phonon becomes soft, as in the case of ^-phase NixAli_g, 
alloys. By using the rigid band mode, the position of the phonon anomaly of /3-phase 
NixTii_g, alloys has been examined carefully. From our calculation, it is found that 
the peak of the general susceptibility, %(^, is at the same wavevector as that of £>2 
along the [110] direction for the /3-phase NiTi. We can thus use the calculation of 
%(g^ and its peak position for the discussion of the position of the phonon anomaly. 
The generalized susceptibility, is defined ast^®^ 
= Z (4.5) 
k f l u  k f i  
which differs from the formula of D2{^ only by a multiplication factor of the e-ph 
coupling matrix elements. If we take all the e-ph coupling matrix elements to be 
constant, then the formula of D2{T} reduces to the formula of %(^. By shifting the 
Fermi energy and using the same band structure, the phonon anomaly positions are 
given in Fig. 4.6. The corresponding shifts of the total valence electrons are given 
in Fig. 4.6. It can be seen that a small shift of Fermi energy due to the shift of 
the total valence electrons can have a dramatic effect on the position of the phonon 
anomaly. A shift of Fermi energy down by 0.006 Ry (about 0.35 electrons/cell less 
filled), and the peak position of is moved from about Qq = (0.63,0.63,0)7r/a to 
QO = (0.58,0.58,0)7r/a. 
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D. Conclusion 
From our study, it is found that an accurate calculation of e-ph interaction can 
explain the behavior of phonon anomalies in /3-phase NiTi alloys. The soft phonon 
around Qq = (2/3,2/3,0)7r/a, which results in the premartensitic phase transition in 
/3-phase NiTi, can be understood by the coupling of the phonons to the nested elec­
tronic states on the Fermi surface. The nesting plus strong e-ph interactions are the 
source of the phonon anomaly and the soft phonon. The coupling to the nested Fermi 
surface is quite sensitive to temperature because thermal disorder and/or changes in 
Fermi distribution reduce the nesting contribution at high temperature. The tem­
perature dependence of the phonon anomaly can be explained as a smearing effect of 
the Fermi surface in the region of nesting. 
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Figure 4.2: Electronic energy bands of/?-phase NiTi. The bands were calculated by 
using a first-principles LCAO method and then fitted by an empirical 
tight binding Hamiltonian. 
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Figure 4.4: Phonou dispersion curves of /3-pliase NiTi. All the symbols are the 
experimental results. The squares are the longitudinal phonons and the 
dots and crosses are the traverse acoustic phonons. The lines are the 
calculated results. , T = IJf; 320 K; . . . , 
500 K; , 1000 K. (a). The acoustic phonons along the [110] 
direction. 
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Figure 4.5: A depiction of the coupling of the wave functions with Ti <i^2„y2 
Ni dxy character, which give the most important contribution to the 
eleclron-phonon matrix elements causing the soft phonon in the TA2 
branch along the [110] direction. 
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Table 4.1: The TB parameters for /3-phase NiTi (in Ry). 
Atom E s  E p  c . f . ^ l s t )  c . f . { 2 n d )  
Ni 0.3268 0.6816 -0.1247 0.0034 -0.0040 
Ti 0.2063 0.6114 0.0442 0.0109 0.0052 
P a i r  ssar spcr sd(T ppa pp-K 
pd<T pdiT ddc ddv d d S  
H  :  
Ni-Ni -0.0007 0.0451 -0.0111 0.0930 0.0046 
-0.0313 -0.0088 -0.0172 0.0052 -0.0003 
Ni-Ti -0.1324 0.1405 -0.0576 0.1194 -0.0247 
-0.0754 0.0332 -0.0495 0.0311 -0.0031 
Ti-Ti -0.0519 0.0706 -0.0478 0.1282 -0.0285 
ç , 
-0.0620 0.0391 -0.0413 0.0268 -0.0032 
O  t  
Ni-Ni 0.0467 -0.0331 -0.0900 -0.0753 0.0173 
-0.0606 -0.0197 0.0092 -0.0391 -0.0071 
Ni-Ti 0.0399 -0.0792 0.0034 -0.1378 0.0453 
-0.0041 -0.0559 0.0100 -0.0156 0.0114 
Ti-Ti 0.0793 -0.1104 0.0605 -0.1381 0.0381 
0.0489 -0.0098 0.0556 0.0351 -0.0070 
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Table 4.2: The longitudinal (/) and transverse ( t )  short range axially symmetric 
force constants for (DQ -{• Di) used in the Born-von Karman model for 
the /?-phase of Ni-Ti. The full dynamical matrix also includes the long 
range electronic interaction given by equations (4.1) and (4.4). 
pair shell r (l) (t) 
(A) (lO^dyn/cm) (lO^dyn/cm) 
Ni-Ni 1st 3.015 -0.3835 -2.5697 
Ni-Al 1st 2.611 40.9651 -3.5358 
Al-Al 1st 3.015 56.0682 -4.5049 
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GENERAL CONCLUSION 
In this work, the electronic band structure of ^-phase NiTi and NiAl have 
been calculated using a first-principles LCAO method, and then fitted by the non-
orthogonal empirical tight binding method for the evaluation of electron-phonon ma­
trix elements. The contribution of the e-ph interaction to the phonon dynamical 
matrix was calculated by the method of Varma and Weber. From our study, it is 
found that an accurate calculation of electron-phonon interaction can explain the be­
havior of phonon anomalies in /?-phase NiTi and Ni-Al alloys. Fermi surface nesting 
and the symmetric properties of the e-ph interaction matrix elements are attributed 
as the source of the phonon anomalies and/or the soft phonon in these alloys. The 
temperature dependence of the phonon anomalies can be explained as a smearing 
effect of the Fermi surface. 
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